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It L a g w d  tha t  orthodox e c d c  ana lyr i s  Thsre d e f i n i t i o n s  damonatrate the close 
of rerource conversion should takm account of the  re la t ionsh ip  between E c o n d c s  and Technology, 
eff ic iency of rerourca comrerrion processes, although one may be forgiven for  th-ing t h a t  a 
par t i cu la r ly  v i t h  redpact t o  the c o n s t r d n t s  c o n q i r a c y  of r i l ence  hPs been joined byecoaomists 
applied by the Iavm of theimodyndcs.  Xf a .and engineers when i t  comes t o  t h e i r  mutual 
procrsr modal i r  added t o  arr ecmamic model the  interant :  resource conversion. Material wealth 
resu l tan t  "entropic deplet ion e f fec t"  induces o r ig ina l ly  stem. f r m  the conversion of na tura l  
most of the fami l ia r  rymptcmr of in f la t iou .  The resources i n t o  a good t h a t  is useful  o r  consmrr- 
natural  trend t w a r d r  entropy i ~ c r a a s e  that i s  able. Ths added value of t h e  good is what the 
inherent i n  every mater ial  resource conversion commmrs pay f o r  . . . so wealth is created. But 
procare carrnot be l e g i r l a t d  away: it imposes f i r s t  the  technologists  have been buay creat ing 
l i m i t .  t o  p a v t h .  The paper develops a general the  mranr whereby tho na tura l  resource can be 
proeeas modal, and aggregates it t o  a simple extracted, processad, manufacwed and dis t r ibu te& 
"engine modal" of a nat ion vith primary energy During t h i s  resource convarsion procesr the 
conrumption a s  input  and CKP a r  output. The added value appears am a r e s u l t  of technological 
energy and QUP datn f o r  29 davaloped nat ions f o r  act ion t h a t  lovers  the  entropy of the  m t e r i a l s  
1950-77 . re  shorm t o  have a r lmukably  good f i t  t h a t  are  being transformed i n t o  highly s t ructured 
to thn "Campertz" l o g i s t i c  function t h a t  is gooda. But every chonge in nature must a l so  be 
typical of rmnp f m  of na tura l  and technological covered by e n e r n  flow, conreclueutly, the 
growth. So, it i r  argued, nat ional  e c o n d c  uppading of mater ial  i n t o  uaaful a r t i f a c t s  and 
growth toll- t h i s  -11 b o w  d'evelopment pa t te rn  a e d c e s - - l i e s  the  d m g r a d i n g  of the .anergp 
a s  -11. Economic grouth does obey t b r m o d h c  umd in tho process. The r u t u r a l  balance, a r  
lnrr. prescribed by the  Lovs of Conserrration o f , b e r g y  
and Matter, a r e  i l l u s t r a t e d  in f i g u r e  1 in which 
PIm 1 
INTRODUCTORY ESSAY : TEE ECONOMICS AND TlElM0- 
DYNAMICS OP TECBNOLOCICAL RESOW CONVERSION 
Perhaps a few d e f i n i t i o n s  would be useful  as  
a s t a r t :  
. Economics. The science thPt  s tud ies  the 
production, d i s t r i b u t i o n  and consumption of wealth 
(with the re la ted  problem of labour, finance, 
taxation and gwernmant control) .  
Technology-as-roduct. The range of 
machinery m d  procedures that r e s u l t  from 
technological act ion t h a t  a r e  required for . .  .. 
~ e & o l o ~ a n - p r o c e s s .  The -system by which 
society t rans form moterial (throuah the 
applic;tion of s c i e n t i f  i c bowledg;) t o  provide 
the goods and rervices  t h a t  it needs and desires .  
Entropy. A measye of the  disorder  of the 
s t ructure of na tura l  material.  In therrmdynamics 
entropy increanes as e n e r g  is consumed t o  do 
work or  d i ss ipa tes  t o  the ambient s t a t e ;  i n  
information theory entropy increases a s  a aystem 
mover from m iuprobable s t a t e  t o  a more probable 
s t a t e .  
Mded value. The a d d i t i m a l  u t i l i t y  provided 
to a gwd by an agency t h a t  converts the good i n t o  
a =re readi ly ureful  form or t h e  good parses 
through the agency. 
the upward value-adding entropy-decreasing 
flown of energy and material conversion 
a r e  balanced by 
the dovnward value-decrearing entropy- 
increasing f l w s  of energy and material 
coollump t ion accompanied by 
the wastes t h a t  ihevicably r e s u l t  from energy 
and mater ial  conversion 
Note t h a t  energy has two components: 
waste due t o  ineff iciency i n  the conversiaa 
process 
the unavailable ener res iden t  i n  cvery 
energy conversion E o c e s s  because it i s  
impossible to exhaust to  a absolute 
zero temperature 
Folloving the path. throug4one observes t h a t  they.  
a11 end up a s  waste products returning t o  a 
na tura l  high entropic  s ta te :  there is nothing 
permanent about the highly orCered s t a t e r  t h a t  
r e s u l t  from man's technological ac t iv i ty .  An 
i n t r i c a t e  and exquis i t e ly  operating engine, i f  
l e f t  t o  i t s e l f  i n  a f i e l d ,  vill r u s t  t o  a so l id  
Lump of metal. The engine's maintainera have t o  
work hard and expend much energy and e f f o r t  t o  
counteract t h a t  na t rva l  decay; i n  f a c t  they c m o t  
v ia ,  a s  the  engine - homver wall maintained - v i l l  
eventually wear out. The only r e a l l y  steady s t a t e  
i s  tha dead s ta te :  dus t  to  dust ,  ashes to  ashes i s  
tha natural  order of things. There is h m v e r  a 
t rans ien t  benefi t  obtainable from consumption. 
Tha parent society ex t rac t s  the benef i t  inherent 
i n  the added value a s  it uses and conaumes the 
goods. And there i s  a l so  a t rans ien t  c a p i t a l  
accuumlation i n  the form s f  t h a  stock of the 
technological p lan t  needed in the various p a r t s  of 
the process. But the benefi t  passes with the 
conswmr, and tha wualth represented by the  c a p i t a l  
stock decays-along v i t h  the plant.  It i s  not  
surpris ing tha t  man ascribes the h i g h s t  value to  
dimmnds and gold - the one a hard rock, t h e  other 
a metal that  does not  corrode readi ly.  
It becoms apparent that economics is the 
value adding and d i s t r i b u t i n g  dimsnsion of resource 
conversion t o  vaal th and benefi t .  Aa such, the 
economic procass must a l so  be bounded by the 
physical laws tha t  govarn mater ial  and energy 
comrarsion. But a consideration of the the- 
dynamic balances and constraints t h a t  e n t e r  
economic procass do not seem t o  be i n  themaihscreum 
of orthodox economic texts.. This omission means 
tha t  economics.tends t o  be unavare of ttfeiinplortance 
of tha energy balance and conversion e f f ic iency  t o  
the acommic process; p r i c e s  do no t  alvays r e f l e c t  
t h a r w d p n d c  fac tors  correct ly .  Resource con- 
version must be accompanied by enargy use. 
consequently unavoidable vastea a r e  a l so  generated. 
Tha consequant discharge of rubbish and pol lu tan ts  
may dagrade s l w l y  back t o  rav  mater ial  again, but  
during each and every conversion procass there i s  
a l so  a permanent l o s s  of energy t o  the system. 
The cycles cannot go on f o r  ever. Honey, howaver, 
can keep on c i rcu la t ing  and - i f  any ge t s  "lost" 
due t o  in f la t ion  - governnrsnts attempt f i s c a l  
control  of some s o r t ,  even t o  the extent sometimes 
of pr int ing more usnay. But no politico-economic 
act ion can counteract the physically necessary 
antropic  d e f i c i t  a t  the end of each conversion 
process. Honey cannot redeem t h i s  permanent loss  
even i f  tha nunay balance ends up as a pos i t ive  
p r o f i t .  
The Effect  of Entropic Depletion on an Economy 
The ccmpletn analysis  of technology-economy 
raquires  an accurate recording of a l l  inputs  and 
outputs (including wastes) across the boundaries 
of the system and a proper balance s t ruck between 
resource flows and funding. A conceptual and 
simplified form of such a model is s h o ~  i n FIGURE 
2..  The matar ial  resource flows, aided by energy 
fiows, a re  shovn moving from Material Conversion 
through Industry, Goods and S e d c e s  to  . 
Consumption. The r a v  mater ials  and energy are  
d r a m  from depleting na tura l  resource reservoirs.  
Each cmversion process i s  accompanied by the 
attendant energy and mater ial  waste outputs. Sa 
f a r  che f igure repeats  f igure  1. But there  a re  
three additions: Buman Resource Flws, R + D 
and Rsneval of Capital Stock, and Money Flows. 
These money flows t rave l  i n  a d i rec t ion  opposite 
t o  the resource f o r  which they a r e  paying. The 
paths of m e y  f l w  form a network v i t h  nodes 
vhare the flows in rtnd out ought to  balance: a 
Kirchoff network f o r  money i n  fact .  Take the 
resource flows away rtnd one i s  l e f t  v i t h  a 
rudimentary input-output (Leontief) economic 
model. 
It is useful  toponder t h i s  simple model fo r  a 
while to  examine the in te rac t ion  between resource 
conversion and the money flow. Assme f o r  
a rgmant  a zero growth population with everything 
i n  balance t o  begin vi th:  the money flow is 
balanced by the added value of resource flow. 
The fol loving sequence of events can be argued: 
1. Society's steady consumption requires  the 
continuing production of goods and the consequent 
extract ion of resources. Society happily pays f o r  
these a t  the prevai l ing pr ices  from i t s  vagespaid 
t o  it by Industry. Those pr ices  a r e  i n i t i a l l y  
s teady  in this model economp. 
2. Because of the continuing consumption 
resources deplete  and becoma harder to  extract .  
Iforewer the qua l i ty  of rav  mater ial  degrades 
because the f i r s t  resources t o  be exploited are 
usually the bas t  qua l i ty  ores. 
3. Because of resource deplet ion usre  energy i s  
required t o  ex t rac t  the l e s s  accessible  ores, and 
w r e  energy i q  required to  convert those lower 
q u a l i t y  ores  t o  engineering grade material.  
4. This model is not  demanding more or  d i f fe ren t  
goods, so the production of f i n a l  goods can remain 
constant. But the r a t e  of energy consumption has 
now t o  increase s tead i ly  t o  balance the degrad-::' 
a t ion  of the deplet ing raw mater ials  t o  produce 
the same output. In turn t h i s  depletes  the 
energy stocks fas te r .  
5. The increased energy consumption has t o  be 
paid for .  So the p r ice  of goods has t o  go up. 
Society' s vages can no longer buy the same 
mmmt of goods a s  before, so i t  demands qu i te  
reasonably a wage incregse. 
6. To meet the vell-behaved soc ie ty ' s  request 
f o r  higher vages t o  maintain t h e i r  standard of 
l iving:  
Ei ther  (a) the production of goods must be raised 
to  balance the increase i n  the money 
~ U P P  l y ,  
O r  (b) the e f f ic ienc ies  of energy and 
mater ial  use i n  the conversion process 
must be increased to lower the energy 
demand, 
O r  (c) the productim/energy balance must be 
restored by ( i )  f inding nev energy 
sources. ( i i )  subs t i tu t ing  mater ials  
t h a t  a r e  l e s s  energy demanding, o r  
( i i i )  introducing a l te rna t ive  
tachrrologies t o  escape the constraints  
O r  (d) soc ie ty  has- t o  be told that  times are  
hard and that they must accept a lower 
standard of l iv ing  
Or (e) s o m  people a re  sacked to  reduce t h q  
wage b i l l  
Or  ( f )  m e y  is printed to  provide the e x t r a  
wages 
Or (g) addi t ional  value-adding activi-ty is 
planned (eg road building) to generate 
e x t r a  employment and wages. 
Consider now the l i k e l y  consequences of these 
solut ions,  and the likelihood that..they might 
provide a cure to  the "entropic depletion effect": 
(a) i s  the "increase produc th i ty"  s t rategy,  
but i t  accelerates  the r a t e  of energy and 
resource depletion, hence pr ices  r i s e  fas te r .  
Consequently (a) o f f e r s  no curc. 
(b) the e f f ic iency  increases i n  energy use w i l l  
provide a rhor t  t o  leid-term cure, but the 
deplet ion e f f e c t  i r  bound t o  catch up in the 
end. d l ro  increased e f f ic iency  usual ly means 
p r i c i e r  highar technology! No l o u p t e r m  c u r c  
(c) thin has been the usual technological escape 
route  by innovation or  subst i tut ion:  the 
"technological fix". But the R + D and the 
neu plant  ham t o  be paid f o r  f i r s t .  
inducing f u r t h r  p r i c e  r i s e s  end vage d d s  
h n t r u l l y  f e a s i b l e  r u b r t i t u t e  technologies 
may be fouud and hp1awnt.d. But they 
w i l l  have t o  c o r t  =re per unit of production 
to pey f o r  the  invesmt i n  new technology 
aad th higher vage labour force - even 
though the model society ccmtinuea t o  askonly 
f o r  the o r ig ina l  standard of l iving.  
Techbological f ixer  can provide a p a r t i a l c u r e .  
but i t  is  a race b e m e n  technological 
eff ic iency improvement and c o r t  incraaoee due 
t o  highar technology and rerource depletion. 
In th very long-term, resource depletion is 
bound t o  win the race. 
(d) a d ic ta to rsh ip  could, o r  a very doc i le  or 
enlightened population might, accept this 
eolution. A d i f f i c u l t  solut ion t o  impose. 
(a) is tha a- (d) real ly:  the in-work 
population must rhare i t s  wages vith the 
unemployed. & h i s t o r i c  a l t e rna t ive  has been 
t o  r u b s t i t u t e  enrrgy f o r  paople. eg the  
increare of enrrgy consumption i n  agr icu l tu re  
replacing labourers v i t h  t r a c t o r s  and 
n u c h k u y .  Works only i f  energy is under- 
valued. No lon&tem cure. 
( f )  the u t r a  printod w n e y  i n  c i rcu la t ion  is  not  
matched by an increase of goods, coruequently 
thr v a l m  of wuoy ham t o  f a l l .  Clasaic  
i n f l a t i o n  is induced: no cure. 
(g) i r  the  Keynesian s o l u t i m .  The t rouble i s  
thpt it does not g e t  rormd the  underlying 
came: resource and energy depletion. In  f a c t  
i t  dl1 probably make matters worre a# energy 
ure  is increared t o  build the roads. No cure, 
except in the short-term i f  energy is cheap. 
Tho simple model of a rerource-linked but 
enargy conatrained model of an economy obeying the 
l a m  of thermodynamics har demonstrated t h a t  the  
entropy d a f i c i t  of energy-using resource cycles 
produces i n f l a t i o n  - f o r  em very r t r a i g h t  forvard 
reasons: 
to  give tha appenrance of conatant r e a l  
value t o  vages tha  money c i rcu la t ion  has t o  
be inereread uaaupported by an increase i n  
production 
increasing production requires  an increase i n  
energy and material  use which only makes 
n u t t e r s  w r s e  *en resources a r e  depleting. 
Tbir i n f l a t i o n  i r  induced by tha t  antropic  
deplet ion a f fec t .  It is t 
(a it van up to 1973 p r i o r  t o  the-OPEC act ion) .  
But the e f fec t  on e c o d e s  w i l l  becoma more 
marlcod the t i g h t e r  the mater ial  and energy 
conetrainto become. The only solut ions t h a t  have 
any p a l l i a t i v e  e f f e c t  are: 
(b) and (c) vhich are "technological f i r e r "  and 
o f f e r  soma hope of eecape - f o r  a v h i l e  
an]NaY 
(d) controls  the money supply (Monetarism), but is  
only u r e f u l  f o r  the  short-term while an 
escape route  i r  engineered - providing 
society accepts the d i sc ip l ine .  
(e) and (g) vhich a re  coupled as  the Keynerian 
so lu t ion  t o  high unauployment. It is no 
eolut ion i f  th unsl~ploynmnt is induced by 
high cos t s  dua t o  energy and resource 
depletion, a s  increased public  wrh do no t  
cor rec t  t h e  entropic  e f fec t .  
There is one f u r t h a r  cmmmnt on eolut ion (d): it 
is a l s o  t h e  "go backwards" solut ion favoured by 
protagonists of the  simple "green" l i f e  unclutter- 
ed by high technology. 
A l l  these a rgment r  a r e  very famil iar .  The 
in te res t ing  po in t  here is t h a t  .Imost the  e n t i r e  
vocabulary of the  contemporary discussion on 
i n f l a t i o n  in i n d u s t r i a l l y  developed countries 
has bean reproduced, nor by d i rcus r ion  of complex 
economic theory, but by following the log ic  of a 
simple m d e l  i n  vhich an elementary ( i n i t i a l l y  
s tab le )  economp reaches the point where the , 
second and th i rd  laws of thermodynamics intervene 
t o  exact t h e i r  price. I n f l a t i o n  is of course no 
simple phc~omsnon: there a r e  many economic and 
psychological forces a t  work. But it  doer seem 
t h a t  an e c d c  model t h a t  is a l s o  constrained 
by tbe rndymmic  lawa homes i n t o  a t  l e a s t  one 
important underlying problem of i n f l a t i o n  ra ther  
nicely. A d  it does seam t h a t  the present public 
discussion on i n f l a t i o n  control misses the 
signif icaace of tha antropic  deplet ion e f f e c t .  
Engine.rs vould have no d i f f i c u l t y  in  following 
thn argumsnt. Unfortunately, however, there is 
no m y  t h a t  an economist o r  p o l i t i c i a n  can 
l e g i s l a t e  the lava of thermdynamics out  of 
uds tence .  They have t o  be accepted, end - a s  
haa been hinted a t  abwe - the  1-term 
,implications of t h a t  acceptance a r e  none too 
happy. Economists tend t o  argue t h a t  economic 
progreor need not  be constrained am t echoloqy  
v i l l  alvays be able t o  invent subs t i tu t ions  t o  
ge t  rouud cons t ra in t s  (eg 1 ) .  Engineers - always 
optimists - tend t o  agree, bu t  muLd point out 
tha t  a r r iv ing  a t  su i tab le  technological f i x e s  
becoma more d i f f i c u l t ,  and the  pr ice  f o r  the 
entropic  deplet ion e f f e c t  haa t o  be paid con- 
tinuously, h o ~ v e r  e f f i c i e n t  o r  i n e f f i c i e n t  
technology may be. An economic "perpetual m t i o n  
machine" is not  porsible. 
Tho coupling of thermodynamics t o  economics 
i r  n o t  new. ThP name of the eminent economist 
Csorgescu-Roegen i n ,  perhaps, most c losely 
associated with t h e  devalopment. Efis v r i t i n g s  ou 
the t h  began during tha  19508, culminating i n  
h i s  book '"he Entropy Law and the Economic 
Rocess" (9). His 1975 paper (10)provides a 
c r i t i q u e  of orthodox economic theory. Callagher 
(8) v r i t e r  a useful  and concise ruuunary. 
Georgescu-Roegen has h i s  c r i t i c s  of course - jus t  
about every o ther  t rained economist, so he has 
been i n  the vi lderness  somewhat. But orthodoxy 
is  s h i f t i n g  under the sustained a t tack  of events 
and the protagonists of energy-economics o r  
energy analysis  ( 2 4 , 2 5 ) .  There hava a l so  been 
soma e a r l i e r  forayr, f o r  example S i r  Frederick 
Soddy FRS wrote i n  1926. " ... the f l o v  of energy 
should be the primary concern of economics" (26 .  
quoted 8). S i r  Frederick vas a chemist. 
SUMMARY OF THE RESEBBCE RFPORTED IN THIS PAPER 
This paper does not  intend t o  pursue the 
arguments betveen the tvo extreme camps: that 
steady e c o n d c  grovth can continue indef in i te ly  
o r  tha t  limits to  grouth a re  inevi table .  The 
purpose of thm introductory essay is --fold: 
( i )  to  damoostrate tha t  e c o n d c  atodels should . 
contain a sect ion t h a t  sub jec t s  mater ial  . 
rerource cornrersions t o  thermodynamic 
constraint8 
( i i )  t o  provide some arguments t h a t  w i l l  l i n k  up 
with the l a t e r  analysis  of nat ional  econohc 
growth pat terns.  
The trail t o  Ceorgescu-Roegen vas stumbled 
over while searching fore~oaomic theory  to  support 
a notion born of an e a r l i e r  study on the modelling 
and dynemics of t e ~ o l o g i c a l  change (18). The 
notion is t h a t  the economic growth of a t  l e a s t  t h e  
indus t r ia l i zed  nations-might be prof i tab ly  studied 
au i f  they ve:e technological resource conversion 
process - or enginer" f o r  short.  The engines 
convert a a t u r a l  and hman energy i n t o  wealth. The 
thought vas born of mo observat ims:  
1. For lorig periods the r a t e  of technical  
progress has been f a i r l y  constant a8 measured 
by economists (eg 27). 
2. The correlaticm between CNP and p r h r y e n e r g y  
consumption is remarkably good over time f o r  
a l a rae  ensemble of nat ions (eg 25). Figure 
3 presents a spot  s q l e  f o r  1973. 
Lf thin simple "engine" model of a nation holds up 
to val idatory t e s t s  it vauld mcaa t h a t  na t iana l  
economic developmmt can be t reated a8 i f  it were 
a technological process v i t h  an overa l l  conversion 
eff ic iency tha t  changes i n  time. The e f f ic iency  
wo$d increaae iu a r e s u l t  of technological 
improvematt. and muld  be constrained by thenno- 
dynamic.limits. Uhich suggests t h a t  the relat ion-  
ship betveen energy and CUP should have a l o g i s t i c  
form i n  conmun v i t h  technological improvements k 
general. The or ig ina l  sample consisted of da ta  
from QTP and primary energy consumption over 
1950-1973 f o r  26 developed nations (both market 
md planned economies). The l o g i s t i c  t e a t  made oa. 
t h i a  s q l e  gave encouraging but not too well  
correlated reaulcs. This paper reports  fu r ther  
work uring an enlarged rample of 29 nations over 
th period 1950-1977. A more sophist icated 
l o g i s t i c  t e s t  i a  employed v i t h  good resu l t s .  
Conseque?tly it v i l l  be argued that: 
( i )  the l o g i s t i c  form of nat ional  dwelopment is 
arguably the case 
( i i )  a- procesr model of nat ional  economic 
grovth is w r t h  developing,, 
( i i i )  economic development does obey" the- 
dynamic c r i t e r i a .  
THE PRO&SS MODEL OF BESOUR& CONVEBSION 
The Conversion Process i n  Growth Economics 
The typical  Production Function model for  
e c o d c  grovth i s  i l l u s t r a t e d  i n  Figure 4. 
FIGURE 4 
Such models a re  used to  inves t iga te  the c a p i t a l  
requirement K t o  give a continuous growth i n  
nat ional  product Y vhi le  ensuring f u l l  employment 
L under d i f f e r e n t  types of technical  progress A. 
The model is of _the general form (13): 
This become f o r  varioue types of technicel change 
(TC) : 
Bickr-neutral TC . .. Y - AF(K,L) - em%QL1- 2a 
Earrod?leutral TC . . Y-F(K.AL) - em(l-a)%%l-a 2b 
The 'right hand expression i s  the Cobb-Douglas 
production function v i t h  constant re tu rns  t o  scale  
where: 
dY R 3a 
a - ? 1, the output e l a s t i c i t y  of c a p i t a l  
1-a dY - L 3b 
dL H . the output e l a s t i c i t y  of labour 
A - emt , m i r  a constant r a t e  of technical  
change 4 
Solving squations 2 forAtsay, a given r a t e  of 
labour increase L - Loe . H i c k s ~ e u t r a l  TC and 
. f u l l  employment gives 
~ ( t )  - yo e + (i%)t 5 
Vhich is in te rea t ing  a s  it suggests t h a t  the long- 
run growth in Y i s  a function only of the grovth 
r a t e s  of labour supply and technological improve- 
mant. and is independent of the proportion of 
nat ional  product sY t h a t  i e  diverted t o  investment 
ra ther  than consumption! The labour supply may 
increase f o r  free. But technological imprwement 
r e s u l t s  only a f t e r  heavy investment in education. 
R + D and nev p lan t  incorporating the imprwed 
processer. Other assumptions v i t h  respect  t o  TC 
give d i f f e r e n t  solutions. This i l l u s t r a t i o n  i s  
representat ive of text-book ana lys i s  rather  than 
r e a l  applications. Complex midt isector  production 
flmction m d e l s  of the na t iona l  economy are  used 
i n  nat ional  cen t ra l  planning aad Global models t o  
determine the optimal a l loca t ion  of c a p i t a l  beneen  
rec tors  t o  provide a derired r t ra tegy  f o r  growth 
r a t e  in GDP (eg 5, 15, .3;  21). But the inherent 
defec t s  i n  the production function - hovever 
complicated - remain. 
Three p e c u l i a r i t i e s  of the production f h c r i o n  
should be noted: I 
1. - It dea ls  only in terms of cap i ta l .  labour and 
a f a c t o r  representing ra ther  disembodied 
technological change. The c a p i t a l  stock K 
stands f o r  technology. 
2. The d e t i i l s  of the technological processes 
producing Y a r e  ignored. Only f i n a l  products 
a r e  cotmted. Intenaadiate products a r e  
neglected a s  it is assumad tha t  t h e i r  values 
a re  properly reprasented by the pr ices  of the  
f i n a l  goodr. 
3. The r a t e  of technical change i r  fomd by 
d i f f e r e n t i a t i n g  2a (say): 
A l l  the r a t s  terms can be  quant i f i ed  from econoaiic 
a t a t i a t i c a ,  h o n u  m is tho re r idua l  ( i e  error!) 
botvoon tho LBS d BH9. I t a  value hss atayad 
a t a d y  a t  b e m u r  1% and 2% per aanum.for Europe 
m d  North mi- o a r  tho l a a t  50 y e u s  o r  so 
(27. 6) .  Tho af f ic ioncp  increero i a  a t t r i b u t e d  
t o  technological. md a n n a g a r i d  improvement i n  
general toms.  
Thia a11 too br ie f  rtudg of the production 
funct ion in economic growth theory should be 
enough t o  show t h a t  it i a  somawbat recmvd fromthe 
thermodynamic balmcaa of tho reaource conversion 
process i t a e l f .  It can only r a f l a c t  the a f f ic i rpzp  
of energy md mater ial  c m e r a i o n  proporlp i f  
p r ices  are  an euct r e f l e c t i o n  of tho aranmt of 
t o t a l  aaerpy, m t e r i a l  and e f f o r t  c m w d  i n  
adding value. There i n  ce r ta in ly  soom evidence t o  
show that the smoothed long-term pr ice  trend. of 
technologicalproduct have a good correlat i rm v i t h  
the m t  of onergy sequestered in forming them 
(22). But the pr ica of enorgy i t s e l f  is of ten  
daterminod by p o l i t i c a l  conaiderations u well ae 
by markat forcea. 
Prices  a l s o ~ h a v a  t o  r e f l e c t  the tw forme of 
technological i m p r m m n t  t h a t  occur i n  thepmmas:  
e f f i c i m c y  improvrment in t h e  production 
procaaa raau l t ing  from more e f f i c i e n t  
mmagarial aud o p e r a t i d  procedures, and 
omre-effective use of mar= d i m t e r i a l  
bacauao of, imprwod technological design 
of the production procaasea 
q u a l i t j  improvement i n  the  product tha t  c o m ~  
from b e t t u  daaign md b e t t e r  q u a l i t y  
control of the product during manufacture. 
Tho r i s e  En q u a l i t y  is represented by 
highor capabi l i ty ,  r e l i a b i l i t y ,  maintain- 
a b i l i t y ,  usa rb i l i ty ,  in ta rna l  eff ic iency.  
b e t t o r  r v l e  etc .  
A good emtuple of how pr ices  can completely miss 
tho q u a l i t y  componant in goods is t o  be fomd in 
the  praaout computer markat vhera r e a l  pr ices  a r e  
f a l l i n g  rapidly but tho qua l i ty -of  :the good is 
r i s i n g  by leapa and bolmda. 
And f i n a l l y ,  it haa t o  be sdmitted t h a t  a 
f o r m l a t i o n  t h a t  d a t e d u o s  technological c h g e  
ae the raaidual  term in a broad brush analyrin 
of h i s t o r i c a l  data is l e a s  than perfect .  
A Technological Model of tho Reaource Conversion 
Rocear  
A general model of the resource f luus  in a 
nat ional  techuological "engine" i r  represented by 
f igura 5. Thm i n t r i c a c i e s  of the flova of energy 
md intarmadiata products within the Production 
Soctor a re  outlined. The pat tern of f luus  is 
c l e a r l y  related t o  a dynamic Leontief open 
umdal: 
t h e r e  ft and ? a r e  output and f i n a l  demand vectors. 
A and B a re  matrices of flow and c a p i t a l  
coef f i c ien t s .  
The economist quuntif ies  the various types of 
flow (raw materials.  energy, chemicals, motor 
ca rs  .... ) aa money f l w a  v i a  pricea. It is 
d i f f i c u l t  t o  s e e  hov one might do othorvise a s  
w m y  is the uni t  of t ransact ion betveen d i f f e r e u  
parta  of the procers. But p r ices  a r e  not  a true 
r a f l e c d o n  of thermodynamic t r a n s a c d o ~  between 
and within the process. Energy flovs throughout 
t&e system because each and every technological 
conmrsicm process requ i res  m energy transaction. 
The energy flows a r e  quant i f i ab le  in d e t a i l  as 
tho energy consumption of each user  is care fu l ly  
maaured e i t h e r  a s  enorgy ruppliod o r  fue l  
bought in. Thw the  engrgy c o n t m t  carr ied 
forward by each product i n t o  the n u t  p a r t  of the  
procasa can be accmulated t o  provide an overa l l  
"energy cost" of t h e  f i n a l  products. Tbe energy 
cost  givas a f a r  =re  accurate mleaure of 
technological work and e f f i c i m c y  than money cost.  
Energy audi t s  on technological a c t i v i t y  a r e  
becoming important aspects  of design and manage- 
mmt. Enargy Analpais provides tho  methodology 
f o r  conducting the  aud i t  (25. 2). 
A &el is under davalopmant t o  p r w i d e  an 
e x p l i c i t  account of ( i )  the thannodynamic 
t ransact ion in conversion proceaaas and ( i i )  the 
improvements i n  the efficiency aud q u a l i t y  of the 
process vith t h e  a s  a r e s u l t  of tadmological  
change. A modal ou t l ine  f o r  the general procese 
is a h m  i n  f igura  6. Any nat ional  engine vill 
have many much general processes linked together 
by matrices of resource and product f l o w ,  energy 
f l o w ,  c a p i t a l  aud -nay f lovs. (but tho model i s  
assumed t o  l i n k  i n  t o  an appropriate economic and 
c a p i t a l  a l loca t ion  modal v i a  p e c e s  of the input 
and output f l w s ) .  The general proceaaes v i l l  
FIGURE 6 
cover such technorectors as  reaource extract ion,  
conversion, energy paneration, maaufacture. 
construction .... d i r t r i b u t i o n  ..., services ,  
domestic sector. Each sec tora l  &el  is con- 
s t r u c t e d  along the l i n e r  of f igure  6 v i t h  three 
compartments: the  coaversion process i t s e l f ,  the 
supporting energy u t i l i s a t i o n  and manponr 
(labour) syrtema. Tho formulation is swmarised 
i n  the  Appendix. It w i l l  be seen t h a t  the  model 
is described i n  terms of inputs ,  output8 and 
in te rna l  a t a t a  (see matrix-over the  page). 
The modal operatos a8 a resource demrmd: 
given a daaired output P , tho p r e v a i l i q  sca ta  
of Technology Tx(t) d . & e  aaaociated conversion 
ef f ic iences rt (Tx, t )  , tho inputs  necessary 
t o  provide thh'iutput a r e  calculated aubject t o  
constraints from capacity, resource a v a i l a b i l i t y  
and quality. Capacity is p a r t l y  a function of 
the c a p i t a l  stock K. Uaterial  resource input 
m a i l a b i l i t y  and q u a l i t y  vill have t o  be provided 
by an external  resource da ta  base and depletion 
model (21, 11). 
Technological improvement is f e l t  through 
changes i n  the e f f ic ienc ies  q and in the  product 
m d  labour q u a l i t i e s  3 . &)material and 
energp-use eff ic ienciee.hre calculated along 
s t ra igb t f  orvard l i n e s  (Appendix). "Efficiency" is 
used loosely in t e r m  of output/input ra t ios .  The 
more e f f i c i e n t  the process the l e s s  the wastes, but 
f o r  a given capacity the more the c a p i t a l  charges 
vill be due t o  the deploymant of b e t t e r  technology. 
Ths qua l i ty  of the product rXp i ~ ' ~ u a n t i f i e d  i n
t e r m  of effect iveness  - tha ludicator  of system 
qua l i ty  used i n  Systems Engineering - calculated 
i n  t e r m  of capabi l i ty ,  r e l i a b i l i t y ,  rmin ta iaaEI i ty  
ava i lab i l i ty .  u t i l i t y ,  worth etc .  The "efficiency" 
of labour use i s  defined as the product of 
labour mix 5 &io of managerial and technical  
s t a f f  to operations),pe- product value added 
n . The qua l i ty  of labour ; XL is d i f f i c u l t :  it 
i F a  function of educational and t ra in ing  levels ,  
experience, i n i t i a t i v e  a d  psgchological a t t i t u d e  
t o  w r k  a d  r i s k  taking. The change i n  time i n  
the  ef f ic ienc ies  due to technological improvement 
is not  e n t i r e l y  equivalent t o  the changes in the 
elcmnnts of the  A and B matrices of an input-output 
model. Structural  change between the sectors  i n  an 
advanced economy vould appear t o  be small, and 
slw - fn s p i t e  of coneiderable advances in 
technological eff ic iency and qua l i ty  (4) .  
The State  of Technology 
The e f f ic ienc ies  cover the thennodynamic 
t ransact ions and reaource useage in the process. 
They a r e  sens i t ive  t o  technological changes, 
i m p r w m m t s  and subst i tut ions,  and t o  human 
a f f i c i m c y  improvament due to  b e t t e r  management. 
design aud operation. Figure 7 tracks the various 
kinds of eff ic iency improoamant. 
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Prom a resource-use point of view the e f f ic ienc ies  
provide a useful  indicator  of the s t a t e  of 
technology TX(t). Tha three e f f ic ienc ies  of 
material,  energy and labour use are  plot ted aa 
elemones of a vector  in a three-dimensional eu- 
clidean space. The coordinate (0, 0, 0) represents  
a c m p l e t e l y  useless  technology, and (1, 1, 1) 
s i g n i f i e s  the ideal  but impossible technology. 
Technological improvement causes the vector t o  
approach the (1, 1, 1)  point,  but it v i l l  begin t o  
shy away when a rssource, energy or labour 
constraint  i s  approached. Analysis of the change 
Input 
P ~ l  
% 
4 
Kg 
of Length and d i rec t ion  of the vector  in time 
y ie lds  useful  information f o r  t h e  manageuent of 
technological change (18). For example increasing 
e f f ic ienc ies  v i l l  reduce the  material and energy 
demand. But continuous resource useage w i l l  tend 
to increase the energy requirement due to  depletion 
and qua l i ty  degradation of the t a u  mater ials ,  and 
energy use v i l l  begin to  r i s e  lowering the overal l  
process eff ic iency in s p i t e  of the process improve- 
ments. This s igna ls  t o  the economic model that  an 
increaue i n  p r ice  i s  r ipe,  and t o  the technology 
manager t h a t  reaource cons t ra in t s  a r e  being 
approached - so it i s  time t o  research and plan 
f o r  subst i tut ion.  
Efficiency 
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The process w d e l  j u t  described il complex 
and vould require  considerable e f f o r t  'ro'implement 
i n  f u l l .  Thus it is desirable  t o  testm:for  the 
v a l i d i t y  of the concepts on which it i s  b u i l t  
before embarking on major modelling exercises. 
The main object ives of the w d e l  a r e  t o  introduce 
thermodynamic c m s t r a i n t s  and w r e  e x p l i c i t  forms 
of technological change t o  s tud ies  of economic 
growth a d  development. Consequently i t s  v a l i d i t y  
would be demonstrated i f  i t  could be shown t h a t  
economic grovrh fol lovs the same l o g i s t i c  pa t te rn  
a8 t h a t  of an improving technology within ul t imate 
reaource snd eff ic iency constraints .  
The t e s t  decided on vaa t o  discover i f  the  
well know relat ionship between increanes i n  CNP 
and energy consumption (f igure 3) correlated well 
v i t h  the 'Sf shaped l o g i s t i c  curve of technological 
imprwsment. This t e s t  requires  the postulation 
t h a t  the  "engine" model v i t h  primary energy input 
and GIG output ( f igure  8) is  equivalent t o  an over- 
a l l  aggregation a t  nat ional  l eve l  of the process 
model. A process model enlarged to cover a l l  the 
nat ional  sec tors  of technological and economic 
a c t i v i t y  would have aa inputs  primary raw mater ialg 
primary energy and labour, while the outputs vould 
be the nat ional  product rmd vastes. The e f f i c i e n t  
k n F  
FIGURE 8 
or  i n e f f i c i e n t  use of improving or  degrading rav 
. 
materials  i s  accurately re f lec ted  i n  the en& 
cost  nf the product. The e f f i c i e n t  o r  i n e f f i c i e n t  
use of the product generate fu r ther  energy costs.  
Those e n e m  cos t s  a l so  r e f l e c t  improvements in che 
s f f ic iancy  of energy gaaaration and u t i l i s a t i o n .  ar 
wall am the improvemcntr o r  othanrisa in  the 
managamat. derign and oparation of a l l  techno- 
log ica l  a c t i v i t i a r  overal l .  Thur it can ba argued 
tha t  the primary energy conounbed i s  a f a i r  
indicator  of tha aaergy coat of the production of 
tha CNP f o r  t h a t  yaar. Wutea arm "paid for"  i n  
thoaa energy coata, and human a c t i v i t y  is  implied. 
h n c e  wa asmum ' t h a t  eh. engine model of f igure  
8 is a reuonabla  aggregation of the  process model- 
a t  least f o r  i n d u s t r i a l l y  developed nat ions where 
high grade i n d u r t r i a l  energy i r  by f a r  the major 
rhara of anorgy conawption. 
m LOGISTIC PVNcrZON FOB GROWTH 
It is  well Imoun t h a t  biological  and techno- 
logical  growth pa t ta rns  tend t o  follow a l o g i s t i c  
curve. TM such c w e r  a ra  rhOM i n  f igure  9A. 
The F + P cunre is the Pisher  and Pry curve which 
i s  s-trical about the half-way point  f - 1, t - 
t (7). The w d e l  araumar: (2; a c-titiva technological subs t i tu t ion  
proceaa 
(b) onca a n w  product haa penetrated a markat by 
a few parcant,  i t r  ruper io r i ty  i r  damnstrated 
and it vill procaed t o  take the markat over 
(c) the r a t e  of f r a c t i o a o l  subr t i tu t ion  i r  
proportional t o  the extent  of market left 
t o  be praetratad. 
The B + P curve i s  given by: 
d a r e  f . -  f rac t ion  of markat subst i tut ion.  a - 
constant 
f On integration: - - e a( t - to)  1- f 
Th. cum. may be r t ratched i n t o  a s t r a i g h t  l i n a  by 
p lo t t ing  i t  on remi-log coordinates (f igure 98) 
vhara v is  n o a - d h n r i o n a l  t h e  
Fisher and Pry analyzed seventeen cases of 
subst i tut ion and found e a r e m s l y  good cor re la t ions  
v i t h  the  curve. The remarkable aosumption (b) 
has baen val idated over a large nmnber of h i s t o r i c a l  
rauples v i t h  thn take-ovar time predictedaccurately 
vhan only t w  percent of tha f i n a l  s u b e t i t u t i m  
had occurred (16). This simple l o g i s t i c  form 
folloved th e a r l i e r  r tud ie r  of biologists .  
agr icu l tu ra l  economirtr a d  aconomistr in the 
l o g i r t i c  pa t ta rnr  of g rweh  and diffusion (20. 12 
19). And it was f p l l w a d  by conaidarable research 
iziro the l o g i s t i c  pa t te rn  of subr t i tu t ion ,  pAr- 
titularly t o  p red ic t  fu ture  subs t i tu t ions  and 
growth. Many of thesa s tud ies  a r e  col lected i n  
- 
(17). 
In s p i t e  of i t o  undoubtad success, the Fisher 
m d  Pry &el bar a nmnber of l imitat ions,  one 
of vhich is i ts  quaat imable aaswption (c) t h a t  
the f rac t iona l  r a t e  of subs t i tu t ion  is  proportional 
t o  tho remaining penetration po ten t ia l  (23). Many 
resaarchers i n t o  biological ,  information. 
t ransportat ion and urbanisation grovth have 
noticed a non-sgnrmatrical pat tern of l o g i s t i c  
growth t h a t  is b e t t e r  f i t t e d  t o  what is  k n m  as 
the "Compertz" function: 
vhere a.6, are  constants t o  be found. 
The form i s  shorn a s  curve G i n  f igure  9A- Its 
in f lex icu  point  is  a t  the point y - a/exp. 
t- B/r. I t .crm e l s o  be s t retched i n t o  a s t r a i g h t  
l i n e  v i t h  the  transformittion 
The "Gompertz" c u m  has a f a s t e r  accelerat ion 
during e a r l y  grovth rapresenting the a b i l i t y  of 
small unaacumbered organizations t o  develop 
rapidly. Writing the  LHS of 12 as  Yi, f o r  a t r i a l  
value of a9ai, the coef f ic ien t s  6. 8 are  
. . 
found minimizing: 
TEE LQCISTIC VALIDATION OP TEE ENGINE MDEL 
The d a t a  used f o r  the t e s t  e r e  the  per cap i ta  
GNP (g) and primary energy conrumption i n  tons 
coal equivalent (e) f o r  a family of 29 developed 
nationa. Ona h a  t o  be vary of crors-sectional 
CaSP compuisons. Tha absolute f iguras  a s  l i s t e d  
i n  the source. contain ol'l the anomalies of 
currency exchauge r a t e r  which a r e  unrel iable  
indicators  of the r e a l  purchasing power of the 
curreucjt i n  the parent nation. Additionally, the 
r a t s  of i n f l a t i o n  v a r i e s  v i t h  t h  rmd country. 
and tho bare currency may a l so  be subject  t o  
in f la t ion .  We have selected the 1970 US d o l l a r  
aa reference m d  allowed f o r  d i f f e r e n t i a l  
i n f l a t i o n  aa best  ue cm. Internat ional  GN? da ta  
is  a l s o  w u a l l y  re la ted  t o  the US dol la r .  Bu: the 
s e l e c t i m  of 1970 a l s o  allows us t o  a t  l e a a t  a t a r c  
within the  framewrk of t h e  most extensive 
comparison of cross-sectional GNP avai lable  (14) 
A typ ica l  example of the da ta  is  sham i n  
f igure 10 f o r  11 of the 29 nat ions examined. 
Each naticm- is represented by a (g-e) t r a jec tory  
over the period 1950-1977. Notice t h a t  these 
t r a j e c t o r i e s  maintain a f a i r l y  steady slope up t o  
1970. a f t a r  t h a t  they steepen due t o  the increasing 
pr ice  of o i l  energy. TBe curving l i n e s  across t h e  
t r a j e c t o r y  a r e  the bes t  regression f i t s  t o  the 
exponential paver model f o r  the indicated year: 
where a,is the g/e r a t i o  and &is  the slope of 
the logarithmic f i t  f o r  the year t. Notice the 
var ia t ionr  i n  B which is  the overa l l  "efficiency" 
of energy conversion t o  GNP: technological 
improvenr~nt is  a t  work. Notice a l so  t h a t  the 
e f f e c t  of tha OPEC c a r t e l  i s  to  improve the 
e f f ic ienc ies  ( increasing 6) a s  the nat ions at tend 
t o  energy conservation. Svaden demonstrates 
tha t  one may reduce energy consumption and s t i l l  In othar m r d s  thera comes a time when the engine 
increase W. Table 1 l i s t s  t h e  constants f o r  the i s  up againat i t s  design limits and no more wealth 
29 nations in the sanple. Individual nat ional  da ta  ( p o u r )  can be squeezed out of ex t ra  energy 
f i t  the povcr model very well, the average of the consuqtion.  The ac tua l  value of the l imi t ing  a 
corralat ion coef f ic ien t s  rr being 0.95. tba average i s  sens i t ive  t o  the  correlat ion coeff icient .  the 
slope during 1-77 vas 1-06. The United King- ac tua l  valuas of a-, a . l i s t e d  give the range 
d m  is di f fa ran t .  of course! It is off  on some of o tha: keeps the c o r r a i t i o n  coef f ic ien t  above 
law of its own v i t h  a very high slope of 2*9(!). the nat ional  RX l i s t e d .  
and a lousy corraIat ion coef f ic ien t  of 0.69. While 
individual nat ions f i t  tha power model well; f i g u r e  
10 s h m  t h a t  tha nat ional  t r a j e c t o r i e s  have a vide CONCLUSIONS 
dirparr ion in (re) spaca. Comsequantly the 
correlat ion coef f ic ien t  f o r  the best  paver m d e l  It would seam tha t  the very good r e s u l t s  
f i t  t o  t h e  whole sample of 29 nat ions during 1 9 5 0 , -  obtained when f i t t i n g  nat ional  GNP and energy da ta  
77 is low. rr f o r  the family is only 0?5604. t o  the Gompertz function damrmstrates q u i t e  
The a a r l i a r  study f i t t e d  a smaller 24 nation s t rongly that nat ional  economic development and 
rample t o  the Pirhar-Pry l o g i s t i c  & e l  f o r  1950- growth is energyuae dependent, and tha t  i t s  
1973: the r e s u l t  vas encouraging ra ther  thangiving evolvement i n  tima follows a l o g i s t i c  pa t te rn  
a good cor re la t ion  (18). Tha larger  sample of 29 closely. This h q l i e s  t h a t  economic development 
nation& extended to  1977 fo cover the "OPEC - i s  constrained t o  thermodynamic e f f ic iency  
effect", has been f i t t e d  to  the Gompertz function considerations, and provides encouragement f o r  the 
v i t h  very s a t i s f a c t o r y  r e s u l t s .  Figures 11, 12 de ta i led  development of process type models t o  
p l o t  the da ta  f o r  the s-la against  the l i n e a r  bring thermodynamic constraints  i n t o  economic 
and logarithmic forms of the Compertz function. analysis.  
(Tha energy index v i s  given. by All  the evidence suggests t h a t  l o g i s t i c  
e(g) - e ( - 5 )  trends a re  s t a b l e  over long periods i n  time. Thus 
- * e(.g) - e (-1)  15 nat ional  plauuers could use the Gompertz f i t s  t o  provide some indicat ion a s  to  where the design of 
vhere e(g) i s  e a t  =/cap - g). their na t iona l  engine is going t o  take the nat ion 
Table 1 a l so  lists the coaf f ic ian t s  f o r  the best  to ,  what t h e  limits t o  gmvth are and when the 
national f i t s  and t h r  best  s q l e  f i t  t o  the l imi t  i s  raached. Tbis is not an f i n a l  a s  i t  
Gmpertz cume. Note: sounds, because the limit r e f e r s  t o  the techno- 
log ica l  design in use. The present nat ional  
- the cor re la t ion  coef f ic ien t s  f o r  individual  engines depend on high-grade energy consuming 
na t iaas  a r e  high, the  average being 0.953 industry. A change i n  design could provide an 
t h a t  the correlat ion coef f ic ien t  f o r  the escape from the present constraints  ... but there 
vhole sample of 29 nat ions over 1-77 is never auy escape from l imits .  Each design has 
i s  a high. BB - 0.941. i ts  necessary t h a r w d y n d c  limits. Fina l ly  the 
evidence of the good Gompertz f i t s  lends weight 
For the Gompertz f i t ,  a is the  f i n a l  maxinum value to  the arguments of tha introductory essay. The 
of g vhen the curve f i n a l l y  f l a t t e n s  off (100 a - entropic deplet ion e f f e c t  is a v i t a l  matter f o r  
g + q , S  (1970)). This s a t u r a t i o n  means t h a t  each economic analysis.  Perhaps S i r  Frederick Soddy 
natio& "t chnolqgy:: i n  i t ?  195p77 s t p c t u r e . h a s  vas r iphr .  
a gSa r a t r o  b u r l t  In to  ~ t s  engrne desrgnl'. 
APPENDIX : FORMULATION FOR GENERAL PROCESS (see f igure 6) 
MATERIAL CONVERSION PROCESS 
ENERGY CONVERSION PROCESS 
Quality  of product rn 
- f ( -9  TX,'b 
Energy c o s t  of the product 
LABOUR 
COSTS 
Quality of labour 'b XL 
Product value added per un i t  labour 
- 
 nPx2 + Tr XL ; ~r - a high reference Lx XL 
% = % + C m  + CXL + Cm + cXR r Money value added per uni t  product 
55-5 Ir, --• = a high ref erencl 
Px2 
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RATIO O F  GNP/CAP, 1 0  
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Figure 3 : RELATIVE TECHNOLOGICAL hTEALTH FOR WORLD REGIONS 
SOURCES: 
q i  P WORLD B A N K  A T L A S  1 9 7 5  
O i  = UN WES 1 9 7 0 - 7 3  
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G E N E R A L  PROLE s s  I 
I 
T E U A J I C ~ L  
P R O C E S S  X 
P r o c e s s  
PX1 m a t e r i a l  i n p u t ; P  p r o d u c t  X 2  
WXpl m a t e r i a l  wastes;WXp f i n a l  w a s t e s  
"XPU e f f i c i e n c y  o f  m a t e r i a l  u s e  
E  e n e r g y  c o n t e n t  of p roduc t  X 
a s c r a p  r e c o v e r y  f a c t o r ;  XF t' wast 
Energy Use 
EX1 t o t a l  energy  s u p p l i e d  t o  o p e r a t i o n  
EXlp, EXIS t o t a l  energy  i n p u t s  t o  p r o c e s s ,  r e c y c l i n g  
EX2S energy  consumed by p r o c e s s ,  r e c y c l i n g  
WEXp,  WEXS energy  w a s t e s  from p r o c e s s ,  r e c y c l i n g  
WXE t o t a l  energy  w a s t e s  
I 
a p r o p o r t i o n  of energy  t o  r e c y c l i n g  XE 
I 
"EUXP' "EUXS e f f i c i e n c y  of p r o c e s s ,  r e c y c l e  energy  u s e  
"XEU o v e r a l l  e f f i c i e n c y  of energy  u s e  
Labour 
LXM' L ~ Q '  LXO management, t e c h n i c a l ,  o p e r a t o r  l a b o u r  
A l a b o u r  mix 
"XLU e f f i c i e n c y  of l a b o u r  u s e  
F i n a n c i a l  
C x ( . >  c o s t s  o f  x(.) o p e r a t i o n s  
revenue  from p r o d u c t  
$ c a p i t a l  s t o c k  o f  X 
F i g u r e  6 : MODEL OF TI E  GENERAL PROCESS 


Figure 9 : LOGISTIC FUNCTIONS A linear form 
B logarithmic form 
F + P : Fisher and Pry 
G : "~om~ertz" 
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F i g u r e  11 : NATIONAL S M l P L E  F I T T E D  T O  GOMPERTZ CURVE ( l i n e a r  form) 
x1 P-1 
Figure 12 : NATIONAT, SAMPLE F I T T E D  TO GOMPERTZ CURVE (logarithmic form) 
